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Reduced Na-K-ATPase in distal nephron in glycerol-induced
acute tubular necrosis
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Reduced Na-K-ATPase in distal nephron in glycerol-Induced acute
tubular necrosis. To further characterize changes in tubular Na-K-
ATPase in acute tubular necrosis (ATN), segmental analysis was
performed in rat nephrons. Na-K-ATPase was assayed in the following
segments: proximal convolution (PC), proximal straight (PS), outer
medullary thick ascending limb (MTAL), cortical thick ascending limb
(CTAL), distal convolution (DC) and cortical collecting duct (CCD) in
three groups of rats: 1.) intact; 2.) moderate non-oliguric ATN; and 3.)
severe oliguric ATN. GFR and CN,,/GFR x 100 were in group 1 0.80
0.05 mI/mm and 0.68 0.06, in group 20.14 0.02 and 1.46 0.35, and
in group 30.04 0.01 and 0.46 0.15, respectively. Na-K-ATPase in
PC and PS were similar in all three groups. Na-K-ATPase levels were
in MTAL: in group 1 37 2 x 10" mol/mm/min, in group 2 20 I x
lOu, P < 0.001 versus group 1, and in group 3 24 2 )( l0, <
0.001 versus group I. In CTAL Na-K-ATPase levels were: in group 1 40
2 x 101l, in group 233 I x 10", P <0.001 versus group 1, and
ingroup 327 2 x lOu, P <0.001 versus groups land 2. In DC levels
were: in group 1 43 2 x 10_It, in group 233 I x l0", P <0.001
versus group 1, and in group 3 22 1 x 10_ti, P < 0.001 versus groups
1 and 2. Levels in CCD were: in group 1 20 1 x l0", in group 2 25
I x l0, P <0.001 versus group 1, in group 324 2 x p <
0.05 versus group 1. Almost no differences were noticed in Mg-ATPase,
suggesting specificity of the changes to Na-K-ATPase. These results
show that Na-K-ATPase remains unchanged in PC and PS, is elevated
in CCD, and is reduced in MTAL, CTAL and DC both in moderate and
severe ATN. There is a direct relationship between the reduction of the
enzymatic activity in the CTAL and DC and the severity of ATN. The
present findings suggest that TAL and DC are the tubular sites of
impaired Na transport in this model of ATN.
The interrelationship between the activity of the Na pump
and ATN has been approached in two different ways. First,
quite a few maneuvers which have been shown to protect
against ATN have also been shown to induce an increase in
Na-K-ATPase activity [1—3]. For example, experimental diabe-
tes mellitus [1, 2] and treatment with thyroid hormone [3],
which have been shown to confer protection against gentamicin
nephrotoxicity, are associated with enhanced Na-K-ATPase
activity. The cause and effect relationship between these two
variables has not been completely elucidated. Second, different
models of ATN have been shown to be associated with de-
creased Na-K-ATPase activity [4—6]. Cronin and Newman [4]
and Hon et al [5] have shown decreased cortical Na-K-ATPase
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activity in the gentamicin and uranyl nitrate models of ATN,
respectively. Westenfelder et al [6] demonstrated decreased
Na-K-ATPase activity both in the cortex and in the medulla, as
measured in tissue homogenates 24 hours after the induction of
ATN by glycerol. Based on morphological, functional and
enzymatic studies, the authors suggested that the proximal
convoluted tubule is the major site of injury and the site of
reduced sodium reabsorption in acute renal failure. To define
the exact site of reduced Na-K-ATPase activity in the kidney as
discussed above, we have undertaken the present study.
The aim of this study was to determine the activities of
Na-K-ATPase in various segments of the nephron in rats with
glycerol-induced ATN.
Methods
Male rats of the Hebrew University strain, weighing between
200 and 250 g, were used in all experiments. ATN was induced
by intramuscular glycerol injection after a dehydration period.
The severity of the ATN was dependent on the duration of the
dehydration period prior to the glycerol injection. Three groups
of animals were studied: 1) control group; 2) a group with
moderate ATN, blood creatinine of 175 6.1 molIliter (M)
which was dehydrated 18 hours before the induction of ATN;
and 3) a group with severe ATN and blood creatinine of 294
17 smol/1iter (S) which was dehydrated 24 hours before the
induction of ATN.
The animals were kept in metabolic cages for several days for
acclimatization. On the first day of the study urine was col-
lected for 24 hours and blood was drawn from the tail vein for
basal kidney function determination. On the next day the
animals were dehydrated for 18 or 24 hours by depriving them
only from water. On the third day after the dehydration period,
ATN was induced with glycerol by injecting 10 mI/kg of 50%
glycerol into the muscles of both hindlegs. Control animals
were injected with an equal volume of normal saline. After this
step the animals had free access to food and water, and a
24-hour urine collection was performed. At the end of 24 hours
after the induction of ATN, the animals were sacrificed under
ether anesthesia and by bleeding through the aorta. The kidneys
were removed immediately, put on ice and the hilus was cut off,
and dissected for Na-K-ATPase determination. It should be
noted that the renal tissue from which the tubules were sepa-
rated was different in control and experimental rats. The
striking findings in the experimental rats with ATN was the
presence of amorphous red colored deposits on the surface and
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in the depth of the tissue, most likely representing intratubular
casts. It is of interest that in the tissue of animals with severe
ATN, these deposits were more prominent. These deposits
were washed out easily by rinsing with the dissection fluid.
Otherwise there were no differences in anatomical demarka-
tions of the nephron segments between the control and exper-
imental animals.
Microdissection
Saggital slices of 0.5 to 1.0 mm thickness were cut and
immediately immersed in dissection fluid [(in mM) 136 NaCl, 3
KCI, 1 K2HPO4, 1.2 MgSO4, 2 CaC12, 4 Na lactate, 1 Na citrate,
6 L-alanine, and 5.5 glucose] plus 0.6% collagenase (145 U/mg;
Millipore). The slices were incubated for 10 to 12 minutes in a
shaking water bath at 37°C and aerated with 100% oxygen. The
slices were then removed and rinsed twice in ice-cold pure
dissection fluid. Cortical hemicircles cut at the cortico-medul-
lary border and medullary triangles, including the papilla, were
used to obtain the appropriate segments. The slices were
transferred to a petri dish with dissection fluid and inserted in a
cooled Lucite chamber illuminated by a transmission dark-field
source as described by Schmidt and Horster [7]. Microdissec-
tion was performed as described by Burg et al [8] and modified
by Schmidt and Horster [9].
The length of each segment was measured by an eye-piece
micrometer. The segment was rinsed in clean dissection fluid
and transferred to a glass ampule with 20 j.d of dissection fluid
for analysis.
The distal convoluted tubule dissected included portions of
the connecting tubule, and its length was 0.3 to 0.6 mm. The
distal convoluted segment was dissected according to its local-
ization peripheral to the corresponding glomerulus toward the
renal surface at the continuation of the thick ascending limb.
When seen through the dissectoscope, this segment appeared
whiter and wider in its diameter than the proximal convoluted
tubule. The distal convoluted tubule had less convolutions than
the proximal convoluted segment.
The following cortical and medullary segments were dis-
sected and assayed for their ATPase activity: proximal convo-
luted (PCT), cortical proximal straight (PST), medullary thick
ascending limb (MTAL), cortical thick ascending limb (CTAL),
and distal convoluted (DCT), and cortical collecting duct
(CCD).
Determination of ATPase
The method and apparatus for ATPase determination was
previously described in detail [10]. Briefly, the method is based
on the Czaczkes, Vurek and Burg [11] micromodification of
Schoner's method [12]. The hydrolysis of ATP was coupled to
the transformation of phosphoenolpyruvate to pyruvate by
pyruvate kinase. Pyruvate was reduced to lactate in the pres-
ence of lactic dehydrogenase. NADH acted as oxygen acceptor
and was oxidized to NAD. There existed a stoichiometric
relationship between hydrolysis of ATP and disappearance of
NADH (by oxidation to NAD). This disappearance could be
followed fluorometrically.
The assay solution contains the following (in mM): 80 NaCI,
53 NH.C1, 2.7 MgCl2, 40 imidazole, 0.06 NADH, 0.42 ATP
(vanadium free, Sigma), 0.083 phosphoenolpyruvate, and 6
Table 1. Urine flow, GFR and blood creatinine in control rats and in
rats with moderate and severe glycerol-induced ATN for 24 hours
Urine flow GFR Blood
creatinine
mi/mm p,no1/!iter
Controla 0.0058 0.0004 0.804 0.051 51.7 1.66
N 9 8 9
Moderate ATNb 0.0087 0.001 0.144 0.02 175 6.1
N 8 8 9
Severe ATNC 0.0034 0.0008 0.036 0.01 294 17
N 8 7 6
b&a P<0.02 P<0.00l P<0.00l
& a P < 0.02 P < 0.001 P < 0.001
& b P < o.ooi P < 0.001 P < 0.001
U/assay pyruvate kinase, 6 U/assay lactic dehydrogenase, 294
mOsmol/kg osmolarity, pH 7.4.
Na-K-ATPase was calculated by the difference between
total ATPase and Mg-ATPase. The latter was determined by
addition of ouabain (G-Strophanthin) to a final concentration of
4 mvi.
Na-K-ATPase activity was compared between control rats
and rats with moderate ATN (M) or severe ATN (S).
Chemical determination
Blood and urine samples were analyzed for creatinine, so-
dium, and potassium. The creatinine concentration was deter-
mined by an automated picric acid method and sodium and
potassium concentrations in serum and urine were determined
by flame photometry (Instrumentation Laboratory 343),
All reagents were purchased from Sigma, St. Louis, Mis-
souri, USA.
Data are presented as mean SE. Analysis of variance was
performed for statistical evaluation between the three groups.
Results of individual groups were compared by a non-paired
Student's f-test with a modified level of significance according
to the Bonferroni method. In this setting a P value of <0.025
was considered significant.
Results
Metabolic studies
Urine flow, GFR and blood creatinine in control rats and in
rats with moderate and severe glycerol-induced ATN for 24
hours are given in Table 1. The rats with moderate ATN had
significant diuresis compared to control rats, while the group
with severe ATN had significantly lower urine flow compared to
controls.
The GFR according to the severity of ATN was 20% of
normal in moderate ATN and only 4% of normal in severe
ATN. Accordingly, blood creatinine in moderate ATN rats was
three times that of control and in severe ATN rats, six times
that of control.
Table 2 summarizes sodium excretion, fractional excretion of
sodium and absolute reabsorption of sodium in the three
groups. Sodium excretion was in line with the severity of
kidney injury: the moderate ATN rats excreted four times more
sodium than the severe ATN rats, but still only 28% of the
control group (P < 0.02 compared to severe ATN).
The fractional excretion of sodium in moderate ATN was
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Fig. I. Na-K-A TPase activity in isolated
nephron segments of rats with moderate and
severe ATN. Each column represents the
mean of at least 8 determinations. Symbols
are: (0) control; (8) M-ATN; () S-ATN.
The vertical bars denote SE. *D < 0.001;
<0.05.
doubled compared to control rats (P < 0.05) while in the severe
ATN rats this parameter slightly decreased compared to con-
trol, but not significantly. The absolute reabsorption of Na in
moderate and severe ATN was 20% and 5% of the control,
respectively (P < 0.001 compared to control for both groups).
Plasma sodium concentration in the two experimental groups
was lower compared to control rats (P < 0.02 compared to
control for both groups) while the potassium level increased
according to the severity of kidney injury (Table 3).
Na-K-A TPase activity in isolated nephron segments
Na-K-ATPase activity along the nephron in control rats and
in rats with moderate and severe glycerol-induced ATN for 24
hours is depicted in Figure 1.
In rats with severe ATN, Na-K-ATPase decreased in both
MTAL and CTAL by 37% and in the DC by 48% (P < 0.001
compared to control for all three segments) while in CCD the
enzyme activity increased by 18% (P < 0.05). In the proximal
nephron, PC and PS, there was no significant change in Na-
K-ATPase. In rats with moderate ATN Na-K-ATPase activity
decreased significantly less compared to severe ATN in the
CTAL and DC. In the CTAL it decreased only by 17% (P <
0.005 compared both to control and to severe ATN) and in the
DC by 24% (P < 0.001 compared both to control and to severe
ATN). In the MTAL, however, Na-K-ATPase decreased by
46% in moderate ATN, not significantly different from the
decrease in the severe form of ATN. The enzyme activity in PS
and CCD increased by 18% and 20%, respectively, compared to
the control group (P < 0.05).
Mg-ATPase activity for the three groups studied is presented
in Figure 2.
Mg-ATPase activity did not change significantly in most
segments studied except for the MTAL where it decreased only
in the severe model of ATN.
Discussion
In this study we present the profile of Na-K-ATPase along the
nephron of rats 24 hours after the induction of ATN by glycerol.
Although two degrees of severity of ATN were studied, it may
be generalized that the site of enzyme reduction was mainly the
distal nephron (MTAL, CTAL and DC), while the enzymatic
activity of the proximal nephron (PC and PS) was almost
unaffected.
Westenfelder et al [61 studied Na-K-ATPase activity in whole
homogenate of cortex and medulla of rats, 24 hours after the
induction of ATN by glycerol similarly to our protocol. That
study showed significant decrease in Na-K-ATPase activity in
the renal cortex and even a greater fall in the enzyme activity in
the medulla. The decline in Na-K-ATPase specific activity was
attributed to loss of enzyme sites. Since in the above study
Table 2. UNa, FENa and Ab reabsorption of Na in control rats and
in rats with moderate and severe glycerol-induced ATN for 24 hours
UN X V
pEqlmin
Controla 0.764 0.051 0.68 0.06 111 9.8
N 9 9 9
Moderate ATNb 0.219 0.063 1.46 0.35 19.5 2.77
N 8 7 9
Severe ATNC 0.048 0.013 0.46 0.15 4.74 1.68
N 7 7 6
b & a P < 0.001 P < 0.05 P < 0.001
& a P < 0.001 NS P < 0,001
& b P < 0.02 P < 0.025 P < 0.001
Table 3. Na and K in control rats and in rats with
severe glycerol-induced ATN for 24 hours
moderate and
Na PK
mEqiliter
Controla 147.8 2.23 3.95 0.056
N 9 8
Moderate ATNb 141.2 0.57 4.48 0.158
N 9 8
Severe ATNC 140.8 0.9 5.68 0.6
N 8 5
b&a P<0.02 P<0.01
c&a P<0.02 P<0.02
NS NS
I
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'40
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ATN was associated with marked depression in proximal
tubular function and the main site of diffuse tubular damage was
the proximal convolution, the authors ascribed the decrease in
cortical Na-K-ATPase activity to the proximal tubule while the
decrease in medullary Na-K-ATPase was not discussed in
detail. In this regard it is of interest that Solez, Morel-Maroger
and Sraer [131, addressing the question of functional morpho-
logical correlation in myoglobinuric ATN, found a significant
direct relation between changes in GFR and the number of
intratubular casts in the distal nephron. Surprisingly there was
no correlation between functional impairment and other mor-
phological changes.
Our results throw new light on the data of Westenfelder et al
and point to a discrepancy between morphology and Na-
K-ATPase activity. In our study proximal tubular Na-K-
ATPase activity (PC and PS) was almost unchanged both in
moderate and severe ATN, while Na-K-ATPase of the distal
portions of the nephron located in the cortex (CTAL and DC)
was markedly decreased. Therefore, the decrease in cortical
Na-K-ATPase demonstrated by Westenfelder et al might be due
to the fall in CTAL and DC Na-K-ATPase rather than to a
decline in the enzyme activity of the proximal nephron (PC and
PS). Accordingly there exists a dissociation between the site of
demonstrable tubular cell damage and the site of decreased
enzyme activity. Furthermore, the decrease in medullary Na-
K-ATPase observed by Westenfelder et al [6] may accrue
directly from the sharp fall in MTAL Na-K-ATPase as shown in
our study. It should be noted, however, that a direct compari-
son between the measurement of Na-K-ATPase activity in our
model and that of Westenfelder et al is quite complex, because
in our study the enzymatic activity is measured in isolated
segments and is expressed per mm tubule length, while in the
study of Westenfelder et al the enzyme activity is measured in
whole homogenates of cortex and medulla and is expressed per
mg protein.
The decrease in CTAL and DC Na-K-ATPase paralleled the
functional damage and was more pronounced in the severe form
of ATN than in the moderate form. However, in the MTAL the
same degree of decrease in enzymatic activity was observed in
both forms of ATN. This difference in the pattern of decline in
the enzymatic activity in different nephron segments may be
related to the concept of cellular hypoxia of the renal medulla
[14, 15], increasing the vulnerability of the MTAL to anoxic
ischemic injury due to limited oxygen supply to this segment
even under normal conditions [16]. Therefore, even in the
moderate form of ATN MTAL Na-K-ATPase was already
markedly decreased. On the other hand, the more distal parts of
the nephron which are located in the cortex are capable of
metabolizing glucose both anaerobically and aerobically [17].
These parts are better oxygenated and therefore may be less
susceptible to the anoxic damage in the moderate form of ATN
as compared with the severe ATN. Thus, in moderate ATN
there was only a relatively mild decrease in Na-K-ATPase
activity in CTAL and DC, while in severe ATN the decrease in
the enzymatic activity was much more pronounced. Neverthe-
less, the capacity for anaerobic glucose utilization in the distal
tubule cannot entirely explain the difference in the response of
Na-K-ATPase in the proximal and distal tubules. The proximal
tubules rich in mitochondria depend on oxidative metabolism in
their energy production [17]. The high glycolytic capacity of CD
[181, poorly equipped with mitochondria perhaps protects them
against ischemic insults as demonstrated by no decrease in
Na-K-ATPase activity. The increase in the enzyme activity in.
the CD in both moderate and severe forms of ATN may depend
on increased aldosterone levels stemming from increased renin
activity [19], associated with increased delivery of sodium to
this segment due to decreased reabsorption in MTAL, CTAL
and DC. These are, however, speculations with no definitive
proof.
As already mentioned the MTAL is specifically vulnerable to
ischemic insult [16]. This susceptibility may explain the marked
decrease in MTAL Na-K-ATPase activity shown in our study
which in turn may reduce sodium reabsorption in this segment
and increase the delivery of sodium to the macula densa, which
according to Schnermann, Nagel and Thurau [20] may bring
about an increase in renin secretion, prompting renal vasocon-
striction and decrease in GFR. Thus the marked decrease in
sodium reabsorption in the MTAL as a result of reduced
Na-K-ATPase [21], may serve as a reasonable pathogenetic
explanation for the decrease in GFR in glycerol-induced ATN,
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Fig. 2. Mg-A TPase activity in isolated
nephron segments of rats with moderate and
severe ATN. Each column represents the
mean of at least 8 determinations. Symbols
are: (0) control; (B) M-ATN; () S-ATN.
The vertical bars denote SE, < 0.001.PC PS MTAL CTAL DC CCD
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or at least as an additional factor in the deterioration of GFR. It
should be noted, however, that the above reasoning seems to be
untenable in view of the totally reduced filtration and delivery
of sodium to all tubular segments. Furthermore, there is no
conclusive evidence that the MTAL is particularly susceptible
to ischemic injury, other than the isolated perfused rat kidney,
which may be hypoxic to begin with.
To the best of our knowledge this is the first report on the
profile of Na-K-ATPase activity along the nephron in glycerol-
induced ATN. Schmidt and Dubach [22] studied Na-K-ATPase
activity in the PC, MTAL and DC in freeze dried tubules of the
rat one hour after the induction of acute renal failure by folate.
They found a fall to zero of the enzymatic activity in the PC and
DC and a 80% decline in the activity in the MTAL. The
difference between our results and those of Schmidt and Du-
bach [22] regarding Na-K-ATPase activity of the PC may
depend on the different models studied as the folate-induced
ATN is essentially a nephrotoxic model while glycerol-induced
ATN has a significant ischemic component [23]. The folate-
induced acute renal failure is characterized by mild cell damage.
The loss of Na-K-ATPase activity in this model is one of the
earliest effects of folate and occurred independently of any
visible damage to the basal infoldings of the tubular cells. This
finding was interpreted by Schmidt and Dubach as suggesting
that the impairment of the tubular sodium pump was the
primary event in the development of this type of renal insuffi-
ciency and was not due to structural alterations in the basal
infoldings. This conclusion of Schmidt and Dubach [22] is of
interest because by demonstrating dissociation of morphologic
and enzymatic changes it may help reconcile between the site of
maximal morphologic changes in the proximal nephron shown
by Westenfelder et al [6] and the sites of decreased Na-
K-ATPase activity in the more distal parts of the nephron
shown in this study in glycerol-induced ATN.
Schmidt, Mall and Backhorn [24] studied Na-K-ATPase
activity in freeze dried isolated human nephron segments in
post-transplant renal failure. In well functioning allografts Na-
K-ATPase activity of the various nephron segments did not
differ from normal renal tissue. However, in anuric allografts,
when compared with their intraoperative control, Na-K-
ATPase was diminished markedly in the MTAL, CTAL and DC
while in PC, PS and CD the enzymatic activity was normal.
These results in human anuric allografts are almost identical to
our results in oliguric glycerol-induced ATN,
Reprint requests to Dr. H. Wald, Nephrology and Hypertension
Services, Hadassah University Hospital, P.O. Box 12000, Jerusalem,
91120 Israel.
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